The oxygen free radical system has
Introduction
Acute myocarditis is generally considered to be a benign condition from which most patients recover completely. However, a small but significant number of patients suffer from residual myocardial abnormalities, and some of them eventually progress to dilated cardiomyopathy (1) (2) (3) . Therefore, the clinical management of acute myocarditis is important to prevent this progression to dilated cardiomyopathy. Although immunomodulating (4-5) and antiviral (6) therapy has proved to be effective for experimental viral myocarditis, treatment must be started at a very early stage. Alternative treatment, which can be started at a later stage of the disease, is expected for viral myocarditis.
Recently captopril, an angiotensin-converting enzyme (ACE)' inhibitor with a sulfhydryl group, was shown to reduce myocardial injury and congestive heart failure in virus-induced murine myocarditis, even when treatment was started on day 4 after the viral inoculation (7) (8) (9) , but the mechanism of action is still not clear. We subsequently showed that enalapril, an ACE inhibitor without a sulfhydryl group, had no significant effect on myocardial injury, although it improved congestive heart failure in the same model (10). This suggested that the beneficial effect ofcaptopril on viral myocarditis might depend not on its ACE inhibition, but on its possession of a sulfhydryl group.
Pathological damage caused by oxygen radicals generated in the xanthine-xanthine oxidase system, has been reported in influenza virus-infected lungs (11) . However, the involvement of oxygen radicals in viral myocarditis is not known. Reactive oxygen radicals can oxidize membrane lipids, cellular proteins, and nucleic acids, resulting in cell damage or death ( 12) . It is well known that oxygen radicals are important mediators of myocardial ischemia/reperfusion injury (13) (14) (15) against which sulfhydryl compounds have been shown to give protection by scavenging the oxygen radicals (16) (17) (18) (19) (20) (21) ). It is possible that captopril improved the virus-induced myocardial injury in our model by acting as a free radical scavenger.
Our current studies were designed to find out ifa sulfhydryl group can play a role in the treatment ofencephalomyocarditis virus-induced myocarditis by comparing the effects of captopril and N,2-mercapto-propionyl glycine (MPG), a sulfhydrylcontaining amino acid derivative without ACE-inhibiting property, and whether the sulfhydryl groups act as free radical scav- engers.
We demonstrated that captopril and MPG improved the survival of mice and myocardial injury such as cellular infiltration, necrosis, and calcification, as well as congestive heart failure caused by viral infection. The effects of MPG were similar to those of captopril in our murine myocarditis model. A striking increase of manganese superoxide dismutase (Mn-SOD) and copper/zinc SOD (Cu/Zn-SOD) mRNAs was detected in the hearts of the mice inoculated with encephalomyocarditis virus. Also, MPG completely inhibited the increase of both mRNAs, even when treatment was started on day 4 after the viral inoculation. It appears that sulfhydryl compounds can reduce virus-induced myocardial injury by eliminating oxygen radicals.
This is the first report to suggest the participation of oxygen radicals in the pathogenesis of virus-induced myocarditis. A therapeutic approach by eliminating oxygen radicals seems possible.
Methods
Animal treatment. Inbred BALB/c mice were obtained from the Shizuoka Agricultural Cooperative Association (Shizuoka, Japan) at 4 wk of age. The mice were inoculated intraperitoneally with a myocardiotrophic variant of encephalomyocarditis virus suspension containing 100 plaque-forming units. On day 4, the surviving mice (captopril experiment: n = 108; MPG experiment: n = 110) were randomized and treated orally with captopril, 10 mg/kg (n = 24), 30 mg/kg (n = 21), 100 mg/kg (n = 26), or intraperitoneally with MPG, 8 mg/kg (n = 30), 25 mg/kg (n = 25), 75 mg/kg (n = 25) once a day from days 4 to 14 after the viral inoculation. The infected control mice (placebo group; captopril experiment: n = 37, MPG experiment: n = 30) were given 0.1 ml of a glucose solution orally or intraperitoneally. As agematched controls, uninfected mice either treated with drugs (uninfected treated group: n = 10) or given no treatment (uninfected normal group: n = 10) were processed according to the same protocol.
On day 14, the surviving mice were killed. The body weight and heart weight were measured and hearts were prepared for histological examination.
For Northern blot analysis, the hearts of age-matched uninfected mice, infected mice, and infected mice treated with MPG at 75 mg/kg from day 4 were aseptically removed on days 1, 3, 5, 7, and 14. They were homogenized with a digital homogenizer (5,000 rpm, 30 s) in a guanidinium solution (5 M-guanidinium thiocyanate, 31.25 mM sodium citrate, 0.625% Na-lauroylsarcosine, 0.12 mM fl-mercaptoethanol, and antiform-A). The homogenates were kept at -80°C until use.
Histological examination. Hearts were fixed in 10% formalin, sectioned along the long axis through both the atria and ventricles, and stained with hematoxylin-eosin. Two sections per heart were examined by two observers who were unaware of any background data. The scores obtained for the extent of myocardial necrosis, inflammation, and calcification were averaged. Necrosis, inflammation, and calcification were scored from 0 to 4: grade 0 indicated no lesions or questionable lesions; grade 1, < 25% of the sampled myocardium contained lesions; grade 2, 3, and 4 indicated 25% increments.
RNA isolation. Total RNA was extracted from the above homogenates using the guanidinium/cesium chloride method (22) with some modifications. Briefly, the homogenates were centrifuged at 259,000 g for 10-12 h at 4°C through 5.7 M cesium chloride, subsequently deproteinization was done using phenol and chloroform/isoamyl alcohol plus precipitation with sodium acetate, SDS, and ethanol. The RNA yields were determined spectrophotometrically. They were then exposed for various periods to x-ray film at -70°C with intensifying screens. Densitometry was performed by Digital Densitorol (DMU-33C; Toyo Scientific Industries Co., Ltd., Tokyo, Japan).
Synthesis ofcDNA probes andenzymatic amplification. Oligonucleotide primers for mouse Mn-SOD, Cu/Zn-SOD, and a-tubulin were designed and synthesized (Table I ) (24-26). cDNAs were amplified by PCR using these oligonucleotide primers. The Mn-SOD, Cu/Zn-SOD, and a-tubulin cDNAs used as probes were 477, 441, and 288 bp, respectively. Protocol for PCR amplification was described elsewhere (27) with some modifications. Briefly, cDNA was synthesized in a 20-qI reaction volume containing 3 ,ug of total RNA from a noninfected mouse heart, 50 mM Tris-HCl, 60 mM KCl, 3 mM MgCl2, 0.001% gelatin, 0.5 mM each dATP, dGTP, dTTP, and dCTP (Perkin Elmer Cetus Instruments, Norwalk, CT), 50 ,g/ml oligo d(T) (Pharmacia LKB Biotechnology Inc., Piscataway, NJ), and 20 U of Moloney murine leukemia virus reverse transcriptase (Bethesda Research Laboratories, Gaithersburg, MD). The reaction was performed at 42°C for 1 h.
PCR amplification was done using the above reverse transcriptase mixture with lOx reaction buffer ( 100 mM Tris-HCl [pH 8.3], 500 mM KCl, 15 mM MgCI2, 0.01% gelatin), a diluted mixture of deoxynucleotides, Thermus aquaticus DNA polymerase (GeneAmp Kit; Perkin Elmer Cetus Corp.), and each oligonucleotide primer. Amplification was programmed to include heat denaturation for 3 min at 94°C and then 40 PCR cycles (each cycle was 94°C for 1 min, 60°C for 2 min, and 72°C for 3 min).
The PCR reaction products (60 1l) were electrophoresed at 100 V on 1.0% agarose gel in 0.2x TAE ( lx TAE: 40 mM Tris acetate [pH 7.8], 1 mM EDTA). Gel was stained in ethidium bromide and DNA was detected by ultraviolet illumination at 302 nm. The band containing target cDNA was removed, cut into pieces, and then put into Su- Superscripted number indicates the location of each cDNA.
precl-l tubes with filters (Takara Shuzo Co., Ltd., Kyoto, Japan).
After being frozen at -20'C for 1 h and incubated at 370C for 5 min, the gels were centrifuged at 5,000gfor 10 min at 4VC. The solution thus obtained was precipitated with sodium acetate, SDS, and ethanol. Recovered cDNA in pellets were dissolved in water and stored at -20'C until use.
Statistical analysis. The body weight, heart weight, and the ratios of heart weight to body weight were examined by one-way ANOVA for comparisons between each group and each experiment. Statistical analysis of the histological gradings of inflammation, necrosis, and calcification was performed by the same method. Survival of mice was analyzed by the Kaplan-Meier method.
Relative units of Mn-and Cu/Zn-SOD mRNA were also compared by one-way ANOVA. The unpaired and paired Student's t tests were used for some indexes, if necessary. Data are expressed as means±SD, except for the data in Figs. 3 B and 4 B.
Results
In our experimental murine model (28-30), viral replication in the heart is maximal on days 4 or 5 after inoculation. Myocardial virus titers then decrease and become very low by day 10. No virus can be isolated after day 14. There are few inflammatory cells, necrotic fibers, and dystrophic calcification in the heart on days 4 or 5, and the pathological changes subsequently become more extensive. On day 12, prominent myocardial calcification is noted and cellular infiltration is evident, consisting mainly of mononuclear cells. Mice that develop severe pathological damage, show congestive heart failure (severe congestion of the lungs and liver). Therefore, this model has two mortality peaks. The first, caused by viremia, is from days 4 to 5, and the second, caused by congestive heart failure, is from days 11 to 14. SurvivaL Captopril experiment: On day 14, while 17 of 37 mice (46%) survived in the placebo group, 12 of24 mice (50%) in the captopril 10 mg/kg group, 13 of 21 mice (62%) in the captopril 30 mg/kg group and 19 of 26 mice (73%) in the captopril 100 mg/kg group survived (Fig. 1) . Thus, captopril improved survival of mice in a dose-dependent manner. Survival in the captopril 100 mg/kg group was significantly better than that in the placebo group from days 12 to 14 (Fig. 2) . The histological scores of these elements in the captopril 30 mg/kg and 100 mg/kg groups were significantly lower than those in the placebo group. As seen in the captopril experiment, the scores of necrosis and infiltration in MPG 8 mg/kg group, and scores of three elements in MPG 25 mg/kg and MPG 75 mg/ kg groups were significantly lower than those in the placebo group. In this way, the effects of MPG on survival and myocardial injury in virus-induced murine myocarditis were similar to those ofcaptopril. The protective effect ofcaptopril against the virus seemed to depend not on ACE inhibition but on its possession of a sulfhydryl group.
Body weight, heart weight, and the ratios ofheart weight to body weight. In our model, infected mice lose body weight because ofviremia in the acute stage and growth is inhibited by congestive heart failure in the subacute stage. So body weight of the placebo group was significantly lower than that ofthe uninfected groups in both the captopril and MPG experiments (P < 0.01). Treatment with captopril and MPG inhibited body weight loss ofthe mice (Table II) . Body weight in the captopril 30 and 100 mg/kg groups and the MPG 25 or 75 mg/kg groups was significantly higher than that in the respective placebo groups (P < 0.05).
There was barely a significant difference in heart weight between the captopril 30 mg/kg group and the placebo group. On the other hand, the ratios of heart weight to body weight decreased dose dependently after each administration ofcaptopril or MPG to a value similar to the uninfected normal group. There were significant differences in the ratios of heart weight to body weight between the placebo groups and the captopril 30 or 100 mg/kg groups, as well as the MPG 25 or 75 mg/kg groups (P < 0.05). Interestingly, the ratios of heart weight to body weight in the uninfected captopril treated group were significantly lower than in the uninfected normal group (P < 0.05, unpaired t test). Similar findings have also been observed in experiments using other ACE inhibitors (enalapril and cilazapril, unpublished data). However, there was no significant difference in the ratios of heart weight to body weight There were also changes in the expression ofa-tubulin transcripts caused by viral infection (Table III C) . a-Tubulin expression in infected hearts on days 3, 5, and 7 was decreased by about half compared with uninfected hearts. So a-tubulinseems to be inadequate for internal control. There were large variations in mRNA expression between mice, even when the time after inoculation was the same. We used a-tubulin in an attempt to correct these variations, indeed, the variations ofthe data corrected by a-tubulin could become small. The data uncorrected by a-tubulin are shown in Table III , A and B. The data uncorrected by a-tubulin showed results similar to those corrected by a-tubulin. Mn-SOD mRNA levels in infected hearts increased from day 3, became four-to sixfold higher than those in the uninfected hearts on day 5, and then decreased to the levels similar to the uninfected hearts on day 14. Cu/Zn-SOD mRNA levels also showed a two to fivefold increase compared with the uninfected hearts on day 5. However, expression of Cu/Zn-SOD mRNA in infected and uninfected hearts on day 3 was almost the same. topril were considered to be dependent not on its improvement of hemodynamics through ACE inhibition but on its possession of a sulfhydryl group.
Sulfhydryl compounds are well known for their antiinflammatory properties and have been reported to protect against irradiation-and drug-induced diseases in which free radicals have been implicated as mediators of tissue injury (31) (32) (33) . Sulfhydryl compounds are thought to work by directly reacting with oxygen radicals, by promoting the resynthesis ofglutathione, by providing an alternative substrate for glutathione peroxidase, or by reforming the disulfide cross-linking between proteins. Especially in myocardial ischemia/reperfusion injury mediated by oxygen radicals, sulfhydryl compounds including captopril and MPG have the protective effects ( 16-21, 34, 35) . Captopril and MPG are possibly important in our model as free radical scavengers.
When oxygen radicals are produced beyond the capacity of 
Discussion
The oxygen free radical system is activated by influenza virus infection in the lungs ( ). However, there is no report on the involvement ofoxygen radicals in viral myocarditis. This study is the first to demonstrate the pathogenesis of oxygen radicals in virus-induced murine myocarditis by results, such as a striking increase of Mn-and Cu/Zn-SOD mRNA in infected hearts and the beneficial effects of sulfhydryl compounds against myocardial injury.
Both captopril and MPG improved survival, myocardial injury, and congestive heart failure in mice inoculated with encephalomyocarditis virus. On the other hand, enalapril, an ACE inhibitor without a sulfhydryl group, did not improve survival and myocardial injury although it improved congestive heart failure ( 10). Therefore, the The data were calculated as the densities of bands with the density of RNA expression from uninfected heart on day 3, which was common in every filter, being taken as 100. In this study, a striking increase of mitochondrial Mn-SOD and cytosolic Cu/Zn-SOD mRNA levels was seen in the virusinfected hearts, prompting us to hypothesize that overproduction of superoxide radicals was induced and that superoxide radicals play an important role in this disease. It was demonstrated that a sulfhydryl group did not directly scavenge superoxide radicals, but inhibited the superoxide radical generation in vitro (36) . It is likely that MPG inhibits the increase in SOD mRNAs by eliminating superoxide radicals. Superoxide radicals were not examined directly, but our hypothesis may be supported by the fact that captopril and MPG with sulfhydryl groups improved myocardial injury, and that enalapril without a sulfhydryl group had no effect.
Induction of pathological damage by oxygen radicals. In influenza virus-infected lungs of mice, the enhancement of adenosine catabolism and oxygen radical generation was noted from day 4 after the virus inoculation and these changes paralleled the development of histological injury ( 11) . Superoxide radicals, which were generated in the xanthine-xanthine oxidase system, directly induced pathological damage. However, the same system would not be activated in virus-induced myocarditis because the myocyte has no xanthine oxidase activity (37) . Also, allopurinol, an inhibitor of xanthine oxidase, had no effect on myocardial injury in our murine model (unpublished data).
In our study, SOD mRNAs were maximal on day 5, and then the pathological changes increased, so there was a time lag between the changes in mRNA and pathological damage. If an increase of SOD mRNA reflects an increase of superoxide radicals, these radicals may not directly induce the pathological damage in the heart. Schreck et al. demonstrated that H202 induced the expression and replication of HIV and that hydroxy radicals served as intracellular messengers mediating the release of the inhibitory subunit IKB from NF-KB (38) . In this study, superoxide radicals may produce H202 or hydroxy radicals as second messengers in the presence of increased SOD activity combined with decreased catalase and glutathione peroxidase activities. Then the hydroxy radicals may directly induce myocardial injury, or they may induce viral replication, resulting in cell damage or death. The changes of catalase and glutathione peroxidase activities still need to be clarified in this model. However, our hypothesis is supported by the fact that sulfhydryl compounds completely inhibited the increase of SOD mRNA and reduced myocardial injury in our model, presumably through the direct elimination of superoxide radicals and hydroxy radicals.
Production of oxygen radicals. When compared with the data uncorrected by a-tubulin (Table III, A and B) , Mn-and Cu/Zn-SOD levels in infected hearts were maximal on day 5 and Mn-SOD levels in infected hearts were more than twice those in age-matched uninfected hearts on day 3. In contrast, Cu/Zn-SOD levels in the infected and uninfected hearts were almost the same on day 3. As Mn-SOD mRNA increased earlier than Cu/Zn-SOD mRNA, it seems likely that superoxide radicals were produced mainly in the mitochondria. An in vitro experiment showed that a selective Mn-SOD induction of mRNA in response to LPS and tumor necrosis factor had no effect on Cu/Zn-SOD in rat pulmonary epithelial cells (39) . This suggests that the mitochondria have an important role in protection against oxygen radicals.
After picornavirus infection of mammalian cells, host cell RNA synthesis is rapidly inhibited to < 10% of the initial level (40) . In cells infected with encephalomyocarditis virus, the activity of RNA polymerase I responsible for ribosomal RNA synthesis and that of RNA polymerase II transcribing mRNA were both inhibited, whereas RNA degradation was normal (41) . a-Tubulin mRNA was likely to have been decreased by these mechanisms in our study. a-Tubulin may have been inadequate for the internal control; however, it is not easy to find a perfect one for our experimental conditions. The data uncorrected by a-tubulin showed results similar to those corrected by a-tubulin. We consider that our data showed a significantly increased expression ofSOD mRNAs in the hearts infected with encephalomyocarditis virus.
We used MPG at doses of 8, 25, and 75 mg/kg to provide an amount of sulfhydryl groups equimolar to the doses of 10, 30, and 100 mg/kg of captopril. MPG has a longer blood halflife than captopril in humans (50 h after a single injection of 250 mg [42] and 2 h after a single injection of 10 mg [43 ] ), and this may be why MPG was more effective in improving survival and preventing myocardial injury in our model. In summary, our study showed a striking increase in Mnand Cu/Zn-SOD mRNAs in virus-infected hearts. Both captopril and MPG were effective in inhibiting the changes due to viral myocarditis in our murine model. Oxygen radicals may play an important role in the pathogenesis of virus-induced myocarditis, and a therapeutic approach by eliminating oxygen radicals seems possible.
